Abstract. The sympathetic nervous system is one of the multiple channels that communicate between brain and immune system. In the brain-immune interactions, cytokines produced in the periphery and brain during inflammatory as well as noninflammatory stress play important roles as signal molecules. For example, central administration of interleukin-1␤ (IL-1␤) and interferon-␣ (IFN-␣) suppresses splenic natural killer (NK) cell activity in rats, which is mediated by, at least in part, the sympathetic innervations to the spleen. The central administration of IL-1␤ and IFN-␣ increases splenic sympathetic nerve activity, and an electrical stimulation of the nerve results in a suppression of splenic NK cell activity through a ␤-adrenergic receptor-mediated process. Furthermore, it has been shown (1) that immobilization (IMB) stress produces an elevation of extracellular concentration of noradrenaline in the spleen, (2) that the IMB-induced reduction of splenic NK activity is partially blocked by splenic denervation, (3) that pretreatment with central injection of neutralizing anti-IL-1␤ antibody attenuates the IMB-induced NK suppression, and (4) that hypothalamic IL-1␤ and IFN-␣ mRNA is increased after 1 hr IMB. These findings, taken together, suggest that IL-1␤ and IFN-␣ produced in the brain may be key substances mediating the IMB stress-induced immunosuppression.
INTRODUCTION
It is now evident that the central nervous system and the immune system communicate with each other. Among the multiple channels of the communication between the two systems, the noradrenergic sympathetic innervations of the lymphoid organs bear some of the requisite for the neural modulation of immunity. In addition to the presence of ␤-and ␣-adrenergic receptors on lymphocytes and other immunocompetent cells [1] , anatomical studies have revealed the direct contact between tyrosine hydroxylase-positive nerve terminals * Correspondence to: Dr. Toshihiko Katafuchi, Department of Integrative Physiology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan. Tel: +81-92-642-6087; Fax: +81-92-642-6093; E-mail: kataf@physiol.med.kyushuu.ac.jp. and lymphocytes in the spleen and thymus [2, 3] . However, the effects of noradrenaline (NA) on the immune responses in vitro are rather complicated depending on Th predominance, the timing of administration, and the dose of NA [4] .
Natural killer (NK) cells serve as effectors of immunosurveillance against viral infection and tumor growth without any prior recognition with a specific antigen. Among the studies on neuronal modulation of immune functions, it seems that NK cells are liable to be influenced by the nervous system compared with other immune functions. Studies on human beings have demonstrated various life events such as bereavement [5] and academic examination [6] , and depression or anxiety without coping [7] induce suppression of NK cell activity. A great number of animal experiments were performed to clarify the mechanisms of these phenomena. A possible role of the sympathetic NA innervations in the modulation of splenic NK cell activity, and its mechanisms in the hypothalamus are demonstrated in the present review. Furthermore, an involvement of brain cytokines and their actions on the sympathetic nervous system (SNS) in the immobilization (IMB) stress-induced suppression of splenic NK cell activity is discussed.
SYMPATHETIC MODULATION OF SPLENIC NK CELL ACTIVITY
Not only NK cells but also T lymphocytes/macrophages are known to have ␣ 2 /␤ 2 adrenergic receptors. For example, effector function of cytotoxic T cells are suppressed by an increase in intracellular cAMP through ␤ 2 adrenergic receptors [4] . In addition, following anti-CD3 activation, the ␤ 2 adrenergic receptors were expressed on Th1 cells, but not Th2 cells, and interleukin-2 (IL-2) production was downregulated through the receptors [8] . Suppression of NK cell activity by ␤-adrenergic mechanisms was also proved by the following experiment [9] . The cytotoxicity of NK cells in the spleen was reduced 20 min after the laparotomy alone in anaesthetized rats. The reduced NK activity recovered significantly when the splenic nerve was cut immediately after the laparotomy. However, electrical stimulation (0.5 mA, 0.5 ms, 20 Hz for 20 min) of the peripheral cut end of the nerve resulted in a further suppression of NK cytotoxicity, which was completely blocked by an intravenous injection of nadolol (a peripherally acting ␤-adrenergic receptor antagonist), but not by that of prazosin (an ␣-antagonist). An in vitro study has shown that expression of perforin and granzyme B, which are know to be cytotoxic proteins released by NK cells, is suppressed by NA and ␤-adrenergic agonist [10] .
HYPOTHALAMIC LESION/STIMULATION AND NK CELL ACTIVITY
Classical method to assess the neuronal modulation of physiological responses is to investigate effects of stimulation/lesion of the discrete region of brain tissue on them. NK cell activity as well as T cell proliferation was suppressed by lesion of left hemisphere [11] , medial septum [12] , pineal body [13] and pituitary gland [14] , while ablation of hippocampus results in an enhancement of Concanavalin A-induced mitogenic responses [15] . Changes in NK cell activity following hypothalamic nuclei have been also reported. Lesions of anterior hypothalamic area [16] and medial preoptic area (MPO) [17] induced suppression of splenic NK cell activity, and the latter was completely blocked by surgical splenic sympathectomy [17] . In addition, electrical lesion of the ventromedial hypothalamic nucleus (VMH), which is known to be a responsible site for hypothalamic obesity, results in suppression of splenic NK cell activity in acute phase and then the activity increases in chronic phase when the obesity is obvious [18] . On the other hand, electrical stimulation of the lateral hypothalamic area (LHA), one of the reward centers, produces an increase in NK cell activity [19] .
IMMUNOSUPPRESSION INDUCED BY BRAIN CYTOKINES
Among proinflammatory cytokines, it has been shown that IL-1␤ and interferon-␣ (IFN-␣), but not TNF-␣ or IL-6, are known to suppress cellular immunity when injected into the brain. An intracerebroventricular (ICV) injection of IL-1␤ in rats suppresses various immune responses such NK cell activity, mitogenic response to phytohemagglutinin and IL-2 production of lymphocytes [20, 21] , specific antibody production [22] , and secretion of IL-1 from splenic macrophages [23] . The brain IL-1-induced suppression of cellular immunity was mediated by both the activation of hypothalamic-pituitary-adrenal (HPA) axis and the SNS, since chemical [21] and surgical [23] sympathectomy and adrenalectomy [20] only partially attenuated the immunosuppression.
ICV injection of IFN-␣ also resulted in the suppression of splenic NK cell activity [24] . Interestingly, the IFN-␣-induced suppression was blocked by ICV pretreatment with naloxone, an opioid antagonist. Since IFN-␣ inhibits naloxone binding to the brain membrane in rats, IFN-␣may modulate certain physiological functions via opioid pathways in the brain [25] . The acting site of IFN-␣ is considered to be MPO, since microinjections of other brain regions such as hypothalamic paraventricular nucleus (PVN), VMH, LHA, hippocampus, amygdala, and central gray matter were not effective [26] . The suppressive effects of IFN-␣ administered ICV and into the MPO were both completely blocked by splenic sympathetic denervation [24, 26] . Thus it is suggested that IFN-␣ reduces splenic NK cell activity exclusively by activating the SNS, while IL-1␤ does by both the HPA axis and SNS. As expected, an ICV injection of IFN-␣ [9] and IL-1␤ [27] , or MPO injection of IFN-␣ [17] increased the electrical activity of the splenic sympathetic nerve.
AN INVOLVEMENT OF CORTICOTROPIN RELEASING FACTOR (CRF) AND PROSTAGLANDIN E 2 (PGE 2 )
Both central IL-1␤-and IFN-␣-induced suppressions of NK cell activity are completely blocked by pretreatment with anti-CRF antibody [21] and a CRF antagonist (␣-helical CRF 9−41 ) [24] , respectively. In addition, the enhancement of the splenic sympathetic activity induced by ICV IL-1␤ was also blocked by ␣-helical CRF 9−41 [27] . An ICV injection of CRF decreased the splenic and blood NK cell activity [24, 28] and antibody production in rats [22] . The CRF-induced reduction of NK cell activity was completely blocked by ICV pretreatment with a ganglionic blocker, which also blocked an increase in plasma NA, whereas the same dose of the blocker did not affect the increase in plasma levels of ACTH and corticosterone [28] . These findings suggest that the SNS, but not the HPA axis, plays a significant role in the CRF-induced immunosuppression. Consistently, splenic sympathetic nerve activity [29] and NA release from splenic sympathetic nerve terminals [30] increased following ICV infusion of CRF in rats.
It has been shown that PGE 2 , which is a principal mediator of many proinflammatory cytokines, decreases proliferative responses of splenic lymphocytes by its action within the brain in rats [31] . Since this is accompanied by increase in plasma ACTH and corticosterone levels, it is likely that the activation of the HPA axis plays a role in this response. However, the splenic sympathetic nerve activity also increases after ICV infusion of PGE 2 [29] through its action on EP1 receptor subtype for PGE 2 [32] . Furthermore, an ICV injection of PGE 2 but not that of PGD 2 or PGF 2a , increased the NA turnover in the spleen [33] . These data indicate that the SNS is also involved in the PGE 2 -induced immunosuppression. It has been shown that IL-1␤-induced ACTH release [34] and fever [35] are abolished by inhibition of a key enzyme of prostanoids syntheses (cyclooxygenase, COX). Similarly the enhancement of the splenic sympathetic activity [27] and the NA turnover in the spleen induced by central IL-1␤ [33] are also blocked by COX inhibitors. In addition, the IL-1␤-induced activation of splenic sympathetic nerve was blocked by pretreatment with I-melanocyte stimulation hormone (␣-MSH) [27] , which is known to reduce production of arachidonic acid, a substrate for prostanoids, by inhibiting phospholipase A 2 . These findings suggest an involvement of prostanoid synthesis in the brain in the IL-1␤-induced reduction of cellular immunity.
As already mentioned, the ICV IL-1␤-induced enhancement of the splenic sympathetic activity was blocked by both a CRF antagonist and COX inhibitor [27] . An increase in the splenic nerve activity by ICV PGE 2 was blocked by ICV pretreatment with ␣-helical CRF 9−41 , a CRF antagonist, whereas the CRF-induced enhancement of the nerve activity was not affected by sodium salicylate, a COX inhibitor, at a dose 100 times more than that required for suppressing the IL-1␤-induced activation of the nerve [29] . Therefore, it is possible that an activation of prostanoids-dependent process is followed by that of CRF system in the brain, resulting in the enhanced splenic nerve activity. A similar sequential relationship between prostanoidsdependent process and CRF mechanisms has been suggested in the IL-1-induced activation of the HPA axis [36] .
ROLES OF SPLENIC SYMPATHETIC NERVE IN STRESS-INDUCED IMMUNOSUPPRESSION
Irwin et al. [37] have demonstrated that foot shock stress-induced reduction of splenic NK cell activity was mediated by brain corticotropin-releasing factor (CRF) independently to the activation of the HPA axis. It has been shown that foot shock-induced suppression of proliferative responses of splenocytes was blocked by surgical denervation of the splenic sympathetic nerve [38] , suggesting that the sympathetic nerve may be a significant mediator of the immunosuppression. Shimizu et al. [39] have demonstrated that immobilization (IMB) for 90 min resulted in a reduction of the splenic NK cell activity in rats, and the suppression was attenuated by splenic denervation. They also showed that extracellular concentration of NA in the spleen measured by in vivo microdialysis in conscious rats markedly increased during IMB. Since the splenic denervation almost completely abolished the rise in NA levels, the increase in NA was due to the activation of splenic sympathetic nerve, but not derived from either other sympathetic nerve terminals or adrenal gland. Since an activation of splenic sympathetic nerve results in a suppression of splenic NK cell activity through a ␤-adrenergic receptor-mediated process [9] , these findings, taken together, suggest that the stress-induced suppression of NK cell activity is mediated, at least partly, by the activation of the splenic sympathetic nerve.
HYPOTHALAMIC SITES INVOLVED IN THE SNS-MEDIATED IMMUNOSUPPRESSION
Immediate early gene c-fos is commonly used as a marker for functionally activated neurons. After 90 min of IMB, Fos protein encoded by c-fos was found most heavily in the parvocellular region of the PVN and moderately in the LHA, VMH and MPO [40] . Neurons in the PVN are known to send axons not only to the median eminence but also to the brainstem and the spinal cord regulating the activity of the SNS. To observe influence of the IMB-induced Fospositive sites on splenic sympathetic nerve activity, an excitatory amino acid, glutamate, was administered in anesthetized rats. Microinjection of glutamate into the PVN and VMH enhanced the nerve activity, while the injection into the MPO and LHA decreased [17, 40] . These findings indicate that the PVN and VMH have an excitatory influence, while the MPO and LHA have an inhibitory influence on the splenic sympathetic nerve activity.
Since the PVN has an excitatory influence on splenic sympathetic nerve, it is possible that the activation of the PVN indicated by the Fos expression contributes to the suppression of the splenic NK cell activity following IMB. In addition, the MPO was also involved in the NK suppression, since the MPO was the only effective site in the hypothalamus following microinjection of IFN-␣ [26] . Since the MPO has an inhibitory influence on the splenic sympathetic nerve activity, it is not likely that IFN-␣ activates MPO neurons. In fact, IFN-␣ as well as IL-1␤, is demonstrated to reduce the firing rates of the MPO neurons [41] , and a possible second mediator of IFN-␣, PGE 2 , also suppresses MPO neurons by activating Ca 2+ -activated K + ion channels [42] . It is generally known that there is a direct projection from PVN to the sympathetic pregangalionic neurons in the lateral cell column of the spinal cord, but very few from the MPO. Therefore the MPO may modulate the sympathetic nerve activity through intrahypothalamic connections to the PVN. One possibility is that, since the MPO sends an inhibitory projection to the PVN [43] , the suppression of the MPO neurons may disinhibit the PVN neuron activity, thereby inducing the enhancement of the nerve activity. In accordance with this, electrical lesion of the MPO resulted in the activation of the splenic sympathetic nerve activity and the suppression of the splenic NK cell activity, which was completely blocked by the denervation [17] .
INVOLVEMENT OF BRAIN CYTOKINES IN IMB-INDUCED IMMUNOSUPPRESSION
It is well known that brain produces cytokines and possesses their receptors. Such cytokines are usually not found, or only are at very low levels, in the normal brain. The production of most cytokines is induced in glia such as astrocytes and microglia during pathological and inflammatory events in the brain; e.g., injury, ischemia, infection and degeneration [44] . Recently neuroinflammation induced by systemic administration of lipopolysaccharide (LPS) and polyinosinic:polycytidylic acid (poly I:C), which are ligands for toll-like receptor 4 and 3, respectively, has been extensively studied as a model for neurodegeneration, depression, and cognitive impairment [45] [46] [47] . Neuroinflammation is characterized by activation of glial cells and increased expression of cytokines and their related substances. Not only inflammatory insults but also non-inflammatory stress such as IMB has also shown to induce expression of IL-1␤ and IFN-␣ in the brain. In agreement with a previous finding by Northern blotting analysis [48] , mRNAs for IFN-␣ and IL-1␤ were increased by IMB stress for 1 hr in the rat in the MPO, VMH, LHA, and PVN as assessed quantitatively by real-time capillary RT-PCR [40] .
The suppression of splenic NK cell activity induced by IMB in mice was blocked by pretreatment with anti-IL-1␤ neutralizing antibody administered ICV 10 min before IMB, while the IMB-induced suppression was not affected by pretreatment with non-specific IgG (unpublished data). In addition, the reduction of lymphocyte proliferation induced by the foot-shock stress was also attenuated by ICV pretreatment with anti-IL-1 antibody [49] . These findings suggest that IL-1␤ produced in the brain during IMB is involved, at least in part, in the IMB-induced suppression of cellular immunity. Figure 1 shows a schematic illustration of the summary demonstrating involvement of stressinduced cytokines, PGE 2 and CRF in hypothalamic modulation of splenic NK cell activity.
CONCLUSION
The network of the central nervous system consist of the afferent sensory, autonomic, and humoral pathways to receive external and internal information, and the efferent pathways to control the autonomic, endocrine, and homeostatic systems. Now we know that the immune system is also subsumed into this net- Fig. 1 . Schematic illustration of hypothalamo-sympathetic/pituitary-adrenal modulation of splenic NK cell activity. Non-inflammatory stress induces IL-1␤ and IFN-␣ in the hypothalamus, which act on the MPO/PVN, resulting in the activation of splenic sympathetic nerve and the HPA axis through PGE 2 -EP1 receptor coupling and the following CRF activation, thereby suppressing splenic NK cell activity. IFN-␣ exclusively activates sympathetic nerve, while IL-1␤ does both sympathetic nerve and the HPA axis. In detail, see text. MPO, medial preoptic area; PVN, paraventricular nucleus; PGE 2 , prostaglandin E 2 ; CRF, corticotropin releasing factor; NK, natural killer cell; NA, noradrenaline.
work thereby forming neuroimmune super system. In this system the hypothalamus plays an important role by integrating information of neuronal, endocrine and immune systems. The crosstalk in the neuroimmune super system contributes to the homeostatic/stress responses. Cytokines induced by non-inflammatory stress such as IMB in the hypothalamus act on neurons and glial cells, thereby influencing peripheral immune functions through the autonomic, endocrine, and homeostatic systems. It is concluded that the hypothalamo-sympathetic-immune network is one of the communication channels that mediate the central modulation of cellular immunity and this network is deeply involved in the immunomodulatory responses to stress including IMB-induced suppression of NK cell activity.
